Objectives High-fat and -cholesterol diet (HFC) induced fibrotic steatohepatitis in stroke-prone spontaneously hypertensive rat (SHRSP) 5/Dmcr, the fifth substrain from SHRSP, by dysregulating bile acid (BA) kinetics. This study aimed to clarify the histopathological and BA kinetic differences in HFC-induced fibrosis between SHRSP5/ Dmcr and SHRSP. Methods Ten-week-old male SHRSP5/Dmcr and SHRSP were randomly allocated to groups and fed with either control diet or HFC for 2 and 8 weeks. The liver histopathology, biochemical features, and molecular signaling involved in BA kinetics were measured. Results HFC caused more severe hepatocyte ballooning, macrovesicular steatosis and fibrosis in SHRSP5/Dmcr than in SHRSP. It was noted that fibrosis was disproportionately formed in retroperitoneal side of both strains. As for BA kinetics, HFC greatly increased the level of Cyp7a1 and Cyp7b1 to the same degree in both strains at 8 weeks, while multidrug resistance-associated protein 3 was greater in SHRSP5/Dmcr than SHRSP. The diet decreased the level of bile salt export pump by the same degree in both strains, while constitutive androstane receptor, pregnane X receptor, and UDP-glucuronosyltransferase activity more prominent in SHRSP5/Dmcr than SHRSP at 8 weeks. In the fibrosis-related genes, only expression of collagen, type I, alpha 1 mRNA was greater in SHRSP5/Dmcr than SHRSP. Conclusions The greater progression of fibrosis in SHRSP5/Dmcr induced by HFC may be due to greater suppression of UDP-glucuronosyltransferase activity detoxifying toxicants, such as hydrophobic BAs.
Introduction
Nonalcoholic fatty liver disease (NAFLD) is now recognized as one of the most common liver diseases in the world. NAFLD refers to a wide spectrum of liver damage, ranging from isolated steatosis to nonalcoholic steatohepatitis (NASH), the more aggressive form of fatty liver disease [1] . NASH can progress to advanced fibrosis, cirrhosis, and even hepatocellular carcinoma. Since the major risk factor is overnutrition, the resultant disorders, such as obesity, insulin resistance, glucose intolerance and dyslipidemia, are also involved in the risk [1] . In particular, cholesterol intake has been focused on as a risk, because dietary intake of cholesterol in non-obese NASH patients without insulin resistance has been reported to be higher than that of control [2, 3] .
Cholesterol in the liver is metabolized to bile acids (BAs) mainly by the catalytic action of cholesterol 7a-hydroxylase (CYP7A1) and cholesterol 27-hydroxylase (CYP27A1), followed by sterol 12a-hydroxylase (CYP8B1) and oxysterol 7a-hydroxylase (CYP7B1) [4] . In these processes, the primary BAs, cholic acid (CA) and chenodeoxycholic acid (CDCA) are produced. They are usually conjugated with glycine or taurine [5] . The conjugated BAs excrete into the bile canaliculi via bile salt export pump (BSEP), an adenosine triphosphate-binding cassette transporter localized in the canalicular hepatocyte membrane. In addition to this pathway, the canalicular multidrug resistance-associated protein (MRP) 2 and basolateral MRP3 are capable of transporting glucuronidated and sulfated BAs into bile canaliculi and blood, respectively [4, 6] . In general, BAs, especially hydrophobic ones, are toxic to hepatocytes. Therefore, cholesterol and the resultant metabolites, BAs, and accumulations, are essential for regulating hepatotoxicity [7] [8] [9] . SHRSP5/Dmcr is the 5th substrain of stroke-prone spontaneously hypertensive rat (SHRSP), and has been found to be an excellent rat model for overviewing the entire process of NAFLD/NASH caused by the high-fat and -cholesterol diet (HFC) intake [10] . The HFC, containing cholesterol and palm oil (5 and 25 % by weight, respectively), caused conspicuous hepatomegaly and steatohepatitis at 2 weeks, hepatocyte ballooning, macrovesicular steatosis and fibrosis at 8 weeks, and severe ''honeycomb'' fibrosis at 14 weeks in SHRSP5/Dmcr [10, 11] . Dysregulated BA synthesis and transport and detoxification by HFC feeding have been identified as the causal factors [7] . In particular, elevation of Cyp7a1 expression but reduction of Bsep expression, UDP-glucuronosyltransferase (UGT) activity and sulfotransferase 2A1 (Sult2a1) expression in the rats fed with HFC, suggested decreased enterohepatic circulation of bile acids and significantly accumulated toxic bile acids in the liver [7, 8] .
In general, it is not so easy to prepare such fibrotic steatohepatitis in SHRSP5/Dmcr by feeding the HFC alone [12] . As mentioned above, SHRSP5/Dmcr have been produced by selective brother-sister inbreeding of SHRSP/ Izm, with stronger hypercholesterolomic responses (about 300-700 mg/dl for females and 100-300 mg/dl for males) to an HFC, for one week [10] . They were maintained up to the 47th generation by the above-selective brother-sister inbreeding. Therefore, genetic differences were not investigated. It is of great interest to determine whether HFC induces similar fibrotic steatohepatitis in SHRSP, which is the mother strain of SHRSP5/Dmcr, as shown in SHRSP5/ Dmcr.
In the present study, we compared the development of steatohepatitis and fibrosis between SHRSP5/Dmcr and SHRSP fed with HFC, and identified the differences by analyzing key molecular signaling of BA kinetics. This approach may reveal the underlying mechanism of fibrotic hepatitis in SHRSP5/Dmcr caused by HFC feeding alone.
were produced in the Animal Research Center of Kinjo Gakuin University, and SHRSP/Izm were purchased from Japan SLC (Hamamatsu, Japan). All of the rats (total 48 rats) in each animal center were housed in a temperatureand light-controlled environment (23 ± 2°C, 55 ± 5 % humidity, 12-h light/dark cycle) with free access to the control chow (SP diet) and tap water.
Ten-week-old male rats of both strains were, respectively, divided into the following 4 groups of 6 rats each: 2 groups were fed the control diet for 2 and 8 weeks, and the remaining 2 groups were fed the HFC [10] for 2 and 8 weeks. After 18-20 h fasting from the last feeding, all rats were killed under anesthesia by pentobarbital (70 mg/ kg), and the blood and livers were removed. A part of each liver was fixed in 4 % buffered paraformaldehyde. Serum was collected after centrifuging the blood at 3000g for 10 min and stored at -80°C until use, together with the remaining liver samples.
Histopathological analysis
Small blocks of liver tissues from each rat fixed in 4 % buffered paraformaldehyde were embedded in paraffin and sliced into 4-lm sections. Tissue sections were stained with hematoxylin and eosin (H&E) and modified Elastic Van Gieson (EVG) using Sirius red. The histopathological changes were assessed using a DM750 microscope (Leica, Wetzlar, Germany), and the degrees of macrovesicular steatosis, ballooning and inflammation were scored for H&E-stained sections according to the criteria proposed as previously described [11] . The fibrotic area was determined by the commercial method using LAS application Suite ver. 3.8 (Leica). Briefly, we stitched together the selected image of a given area from the retroperitoneal to ventral part, and trimmed the picture. Finally, the fibrosis area was evaluated using NIS-Elements software (Nikon Instruments, Tokyo, Japan).
Biochemical assays of serum and liver
The levels of serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), c-glutamyl transpeptidase (GGT), total cholesterol (TC), and triglyceride were determined by SRL. Inc. (Tokyo, Japan). TC and triglyceride in the liver were measured according to the same method described previously [10] .
Real-time quantitative PCR
Total RNA was isolated from whole livers using the RNeasyMini Kit (QIAGEN, Tokyo, Japan). Real-time quantitative PCR analysis was performed as described previously [11] . We normalized all of the mRNA levels to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA in the same preparation. The primer sequences are listed in supplemental Table 1 .
Western blot analysis
Protein assay, nuclear fractions, and Western blot were conducted by the method described previously [11] . The membranes were incubated with the following antibodies: CYP7A1, CYP27A1 (Abcam plc, Cambridge, UK), BSEP, CYP7B1, CYP8B1, farnesoid X receptor (FXR), pregnane X receptor (PXR), SULT2A1 (Santa Cruz Biotechnology, Santa Cruz, CA), MRP3 (Sigma-Aldrich Japan, Tokyo, Japan), and constitutive androstane receptor (CAR) (GeneTex, Inc., Irvine, CA). Immunoblotting with GAPDH (MBL, Nagoya, Japan) and Histone H1 (Santa Cruz Biotechnology) antibodies was performed for loading controls. For the detection of specific proteins, ECL Western Blotting Detection Reagent (GE Healthcare, Buckinghamshire, UK) was used.
UGT activity assay
Since 1-naphthol has a broad spectrum for UGT isoforms (UGT 1A1, 1A3, 1A6, 1A7, 1A8, 1A9, 1A10 and 2B7) [13] , UGT activity for 1-naphthol was determined by the method described previously [14] .
BA quantifications
Hepatic BA quantifications were determined by the method described previously [15] .
Statistical analysis
Histopathological scoring results were expressed as median and interquartile range in parentheses, and analyzed by the Mann-Whitney U test between control diet and HFC in each strain of the same week (2 or 8 weeks). The other values were expressed as mean ± standard deviation. Effects of HFC feeding on molecular biological and biochemical results were compared to those of control by Student's or Welch's t test after being normalized to the respective mean values of control in each strain of the same week. When significant differences were observed, the strain difference between SHRSP5/Dmcr and SHRSP and the duration differences between 2 and 8 weeks were analyzed by Student's or Welch's t test. If the variance was heterogeneous, logarithm transformation was performed before the analysis. A p value less than 0.05 was considered statistically significant.
Results
Changes in body and liver weight and calorie intake Mean body weight of SHRSP fed with HFC was lower than that of control group at 2 weeks, but no difference was observed at 8 weeks. In SHRSP5/Dmcr, body weight was lower in the HFC group than the control one at both periods (Table 1) . HFC feeding significantly increased liver weight of both strains at 2 and 8 weeks. HFC feeding also increased the liver/body weight ratio at each period. Interestingly, the increase of liver and liver/body weight was significantly greater in SHRSP5/Dmcr than SHRSP at 8 weeks, though no differences in the increase were seen at 2 weeks. HFC did not influence calorie intake in either strain.
Biochemical changes of serum and liver
HFC significantly increased serum AST levels compared to respective controls in SHRSP5/Dmcr and SHRSP at 2 and 8 weeks (Table 1) . No difference was noted in the increases between the strains. The diet also increased serum ALT levels depending on the feeding period. In particular, the increase of ALT levels was significantly greater in SHRSP than in SHRSP5/Dmcr at 8 weeks. HFC significantly decreased the AST/ALT ratio compared to the respective controls in SHRSP5/Dmcr at 2 weeks and SHRSP in all periods, whereas it significantly increased the ratio at 8 weeks only in SHRSP5/Dmcr. Serum GGT levels were only detected in the HFC feeding for 8 weeks in both strains, but no difference was noted between them.
HFC feeding significantly increased serum TC levels of both strains for 2 and 8 weeks. It was noted that the increase was significantly greater in SHRSP5/Dmcr at 8 weeks. HFC diet did not increase serum triglyceride levels in serum of both strains in each period, though it decreased the serum levels of SHRSP only at 8 weeks.
We also investigated effects of HFC feeding on liver TC and triglyceride levels: liver TC levels were extremely increased with the HFC for 2 and 8 weeks. The increase was slightly greater in SHRSP than SHRSP5/Dmcr at 8 weeks. Similarly, liver triglyceride levels were significantly higher in each strain fed with HFC. However, no significant differences were observed between them.
Histopathological changes
Histopathologically, inflammatory infiltration was occasionally observed in the liver of the SHRSP and SHRSP5/ Dmcr control groups (Fig. 1a, b) ; however, no other obvious findings were noted in the liver of either strain. HFC significantly increased microvesicular steatosis and inflammatory infiltration compared to respective controls in both strains (Table 2) , while conversely, it reduced sinusoidal space. However, no differences were noted in these histopathological findings between both strains at each stage, although differences in serum ALT levels were observed at 8 weeks. On the other hand, HFC significantly increased ballooning degeneration around the inflammatory infiltration in the intermediate zone of SHRSP5/Dmcr lobules at 2 weeks (Fig. 1c, d ), but degeneration was very rare in the liver of SHRSP. Ballooning degenerations developed in the liver of both strains at 8 weeks, and was similarly observed around the central vein (CV) regions (Fig. 1e, f) . In the ballooning cells of both strains, multiple nuclei correspondently presented. Mallory-Denk body formations in the ballooning cell were observed near the necrosis area in both strains (Fig. 1c, d ). HFC also significantly increased macrovesicular steatosis in both strains at 8 weeks, which appeared instead of ballooning degeneration. Interestingly, the frequencies of macrovesicular steatosis were significantly greater in SHRSP5/Dmcr than SHRSP at 8 weeks.
HFC did not induce fibrosis in either strain at 2 weeks, while it clearly induced it at 8 weeks. The fibrotic regions were overlapped areas of necrotizing cell accumulations, where diminishing nuclei appeared. The bridging fibrosis regions appeared from CV to CV areas in both strains (Fig. 2a, b) . When the liver sections were observed under low magnification, the thick fibrotic region was mainly localized in the peripheral region, especially the retroperitoneal side, with necrotic regions in both strains (Fig. 2c, d ). The fibrotic region of the anterior side was also thicker than that of the central part, though it was thinner than on the retroperitoneal side. Percentages of the whole fibrotic area were clearly greater in SHRSP5/Dmcr than in SHRSP (Fig. 2e) .
Changes in mRNA expressions
We measured fibrosis-associated genes in the liver of both strains (Fig. 3) . HFC increased the expression of alpha smooth muscle actin (aSMA) mRNA, which plays a role in fibroblast contractility [16] , in SHRSP5/Dmcr and SHRSP at 8 weeks. However, there were no significant differences between both strains. HFC also increased the expression of collagen, type I, alpha 1 (COL1a1) mRNA in SHRSP5/ Dmcr at 2 weeks and in both strains at 8 weeks. The increases were greater at 8 weeks than at 2 weeks in SHRSP5/Dmcr and were greater in SHRSP5/Dmcr than in SHRSP at 8 weeks. HFC also increased the expression of matrix metalloproteinase-2 (MMP-2) mRNA, involved in the degradation of collagen fiber [17] , and platelet-derived growth factor receptor, b polypeptide (PDGFbR) mRNA, which is involved in fibrogenesis [16] , in both strains at Environ Health Prev Med (2016) 21:368-381 371 Table 1 Body and liver weights, serum levels and liver lipid levels in SHRSP and SHRSP5/Dmcr fed with control and HFC When the values analyzed were under limitation (3.0 IU/L), half of the limitation was used. SHRSP5/Dmcr results were also used in previous manuscripts [10] 8 weeks. However, no differences were observed in the increase of both genes between SHRSP and SHRSP5/ Dmcr. Although the increase of ALT levels was significantly greater in SHRSP than in SHRSP5/Dmcr at 8 weeks, we focused on the fibrotic differentiation between SHRSP5/ Dmcr and SHRSP in this study, mainly analyzing in relation to the primary bile acid synthesis, excretion and detoxification which was primarily related to the fibrosis development [7] . BA synthesis is initially catalyzed by CYP7A1 in the classic pathway, followed by CYP8B1 to form CA. An alternative pathway exists, mainly for producing CDCA [4, 6] . CYP27A1 is involved in the first step, followed by CYP7B1. Thus, expressions of these enzymes control the ratio of CA to CDCA in the BA pool. mRNAs of these enzymes in the liver of SHRSP and SHRSP5/Dmcr were analyzed, and the results of the HFC-fed group were compared with those of their respective control (Fig. 3) . HFC did not influence the expressions of Cyp7a1 mRNA of either strain at 2 weeks, whereas it significantly increased the expression at 8 weeks in SHRSP5/Dmcr, as shown previously [7] . In SHRSP, this diet tended to increase this mRNA at 8 weeks, but not significantly. On the other hand, HFC feeding suppressed expression of Cyp27a1 only in the liver of SHRSP5/Dmcr at 2 weeks. No influence of the feeding was observed in the expression levels in the liver of either strain at 8 weeks. HFC decreased the expression of Cyp8b1 mRNA in the liver of both strains through the entire period. The decrease in SHRSP was significantly greater at 2 weeks than at 8 weeks. HFC feeding inversely Each value represents median (interquartile range) (n = 6) * Significant difference from respective control group, p \ 0.05
Significant difference was seen between 2 and 8 weeks in each strain, p \ 0.05 à Significant difference was between SHRSP and SHRSP5/Dmcr, p \ 0.05 increased the expression levels of Cyp7b1 mRNA only in the liver of SHRSP in all periods. As for Cyp7a1 in SHRSP and Cyp7b1 in SHRSP5/Dmcr, aging differences were observed in the expressions, but the reason was unknown.
mRNA expressions concerning BA excretions in the liver were also analyzed in SHRSP and SHRSP5/Dmcr. HFC decreased the expression of Bsep mRNA in SHRSP5/ Dmcr at 8 weeks, but not in SHRSP at any feeding period.
On the other hand, HFC increased the expression of Mrp3 mRNA in both strains at 8 weeks, although the increase was also noted in SHRSP at 2 weeks. HFC decreased the expression of FXR mRNA, which regulates BSEP [9] , in both strains with a greater degree at 8 weeks than at 2 weeks. However, no strain difference was noted at each feeding period.
Glucuronidation and sulfation of BAs are pivotal eliminating pathways in cholestasis [6] . They transform hydrophobic and toxic substrates into more hydrophilic, less-toxic derivatives and then excrete them into blood and urine [18, 19] . PXR and CAR regulate both UGT and SULT and, therefore, these nuclear receptors are involved in BA detoxification [9] . HFC decreased the expression of PXR in SHRSP and SHRSP5/Dmcr at 8 weeks. The decreases were significantly greater in the latter than in the former. HFC decreased the expression of CAR only in SHRSP5/Dmcr at 8 weeks. In keeping with these findings, HFC decreased the expression of Sult2a1 in both strains at all periods. HFC also decreased the expressions of Ugt1a3 (same sequences as Ugt1a4 in rats) and Ugt2b4 only in SHRSP5/Dmcr at 8 weeks. In contrast, HFC did not influence the expressions of Ugt2b7 in both strains at all periods.
Changes of protein expressions and UGT activity
HFC did not increase Cyp7a1 levels in the liver of SHRSP and SHRSP5/Dmcr at 2 weeks, but increased in both strains at 8 weeks in the same fashion (Fig. 4) . HFC also increased Cyp7b1 levels at 8 weeks in both strains, although it slightly decreased the levels in SHRSP at 2 weeks. The diet feeding did not influence Cyp27a1 levels in either strain in all periods. On the other hand, HFC feeding decreased Cyp8b1 levels in both strains in all periods. The decreases were not significantly different between both strains at 2 weeks, but were greater in SHRSP than in SHRSP5/Dmcr at 8 weeks.
As for BA excretion transporters in the liver, HFC decreased Bsep levels in SHRSP and SHRSP5/Dmcr at all times, but no strain difference in the decreases was observed in either period. Mrp3 protein was only detected in either the liver of SHRSP or SHRSP5/Dmcr fed with HFC at 8 weeks. The levels were 4.2 times greater in SHRSP5/Dmcr than in SHRSP.
Regarding nuclear receptors associated with BA kinetics in the liver, HFC decreased FXR levels in SHRSP at 2 weeks and in both strains at 8 weeks. The decreases were greater at 8 weeks than at 2 weeks in SHRSP, but no significant strain differences were found at 8 weeks. HFC only decreased CAR levels in SHRSP5/Dmcr at 8 weeks. HFC also decreased PXR levels in both strains at 8 weeks. The decreases were greater in the SHRSP5/Dmcr than the SHRSP. HFC decreased Sult2a1 levels in both strains at 8 weeks, but no significant differences were noted in the decreases between strains. On the other hand, HFC only decreased UGT activity levels in SHRSP5/Dmcr at 8 weeks.
b Fig. 3 Real-time quantitative PCR of genes involved in hepatic fibrogenesis, BA synthesis, excretion and detoxification. Each figure in parentheses represents the fold change compared with that of the respective control. Data were expressed as mean ± standard deviation. *Significant differences were observed between HFC and control groups at each strain and period, p \ 0.05. Significant differences were observed in the fold changes of HFC feeding adjusted by each control group between 2 and 8 weeks, p \ 0.05. à Significant differences were observed in the fold changes of HFC feeding adjusted by each control group between SHRSP5/Dmcr and SHRSP, p \ 0.05. SHRSP5/Dmcr results were also used in previous manuscripts [7] Fig . 4 Representative Western blot image (a) and hepatic protein levels involved in BA synthesis, excretion and detoxification (b), and UGT activity measured using 1-naphthol as a substrate (c). Each figure in parentheses represents the fold change compared with that of its respective control. The figure in square brackets represents the fold change compared with SHRSP with the same diet and period. Data were expressed as mean ± standard deviation. *Significant differences were observed between HFC and control groups at each strain and period, p \ 0.05. Significant differences were observed in the fold changes of HFC feeding adjusted by each control group between 2 and 8 weeks, p \ 0.05. 
Hepatic BA quantifications
Total CA, total CDCA, total tauro-and glyco-conjugated BA concentrations were reported previously in the liver of SHRSP [15] and SHRSP5/Dmcr [8] . We focused on these BAs because they were the highly involved in the fibrosis development [8] . HFC increased total CA levels at 2 weeks in both strains, but decreased the levels only in SHRSP5/ Dmcr at 8 weeks (Fig. 5) . On the other hand, HFC increased total CDCA levels only in SHRSP5/Dmcr and tended to further increase at 8 weeks. HFC did not significantly increase CDCA levels in SHRSP at both periods. As a result, HFC decreased total CA/total CDCA ratio in SHRSP5/Dmcr at 8 weeks, while it increased the ratio in SHRSP at 2 weeks. HFC increased the ratio of glycoBAs/tauro-BAs in both strains at all periods. The increases were significantly greater in SHRSP than in SHRSP5/ Dmcr.
Discussion
We have established the molecular signaling of BA kinetics after HFC feeding in the fibrotic steatohepatitis of SHRSP5/Dmcr [7] , and the role of primary BAs in its progression [8] . In the present study, HFC also induced hepatocyte ballooning, macrovesicular steatohepatitis, and fibrosis in SHRSP, the parent strain of SHRSP5/Dmcr. However, these histopathological progressions were apparently more severe in SHRSP5/Dmcr than in SHRSP, although the severity of ballooning was the same at 8 weeks. Although no significant differences were observed in the increased aSMA, MMP-2 and PDGFbR levels between both strains, these histopathological differences were in accord with molecular fibrogenesis, especially greater COL1a1 mRNA expression in SHRSP5/ Dmcr, and may have been based on the different mRNA expressions of Mrp3, Ugt1a3/1a4, drug-metabolizing enzymes (UGT activity), and regulating nuclear receptors (PXR and CAR). However, BA synthesis enzymes (Cyp7a1 and Cyp27a1) and Bsep may not be involved in the pathogenetic difference between the two strains, because these molecular factors were not different between the two. Although strain differences in the induction of Cyp7b1 and reduction of Cyp8b1 by HFC feeding were observed, the issue of whether these differences were involved with those in histopathological changes must be discussed later. The BA kinetic differences between SHRSP5/Dmcr and SHRSP after HFC feeding might be correlated with the differences in BA species accumulation in the liver between the two. Of these, the CDCA or CA/CDCA ratio is thought to be primarily involved in the fibrosis development either in rodents or in humans [20, 21] . HFC did not increase total CDCA levels in the liver of SHRSP, but increased in SHRSP5/Dmcr, either at 2 or 8 weeks. The ratio of CA/CDCA was not different after the HFC feeding in SHRSP, but it decreased in SHRSP5/Dmcr, suggesting that these strain differences in the accumulation of the toxic BA may have contributed to the difference in fibrosis development between the two strains. Another point to discuss is regarding the tauro-or glyco-conjugation species of BAs. Most of the BAs consisted of tauro-and glycoconjugated forms, and the former was predominant in control groups, both in SHRSP5/Dmcr and SHRSP. However, glyco-conjugated BAs significantly increased after HFC feeding, while tauro-conjugated forms clearly decreased in both strains, resulting in a drastic increase in the ratio of glyco-BAs/tauro-BAs in the liver of both strains. Since the degree of increase was slightly greater in SHRSP than SHRSP5/Dmcr, this ratio may not be involved in the pathological difference after HFC feeding between SHRSP5/Dmcr and SHRSP. In human, serum CA/CDCA ratio was reported to be decreased in NASH patients with cirrhosis [20, 21] , similar to HFC-fed SHRSP5/Dmcr, suggesting the importance of this ratio in the progression of steatohepatitis and fibrosis in human.
Next, we focused on the molecular factors that influenced the different expression of CDCA or CA/CDCA ratios between SHRSP5/Dmcr and SHRSP. The decrease of the CA/CDCA ratio was due to the dramatic increase of CDCA in SHRSP5/Dmcr, while it reversely decreased in CA. However, in SHRSP, the liver CA did not decrease after 8-week feeding of HFC, and in CDCA, it did not increase after HFC feeding at any point. HFC feeding similarly regulated BA synthesizing enzymes Cyp7a1 and Cyp27a1 at all times, suggesting that these enzymes were not involved in the CA/CDCA ratio. While the smaller Fig. 5 Hepatic CA and CDCA levels in SHRSP [14] and SHRSP5/Dmcr [8] . Each figure in parentheses represents the fold change compared with that of control. Data were expressed as mean ± standard deviation. *Significant differences were observed between HFC and control groups at each strain and period, p \ 0.05. Significant differences were observed in the fold changes of HFC feeding adjusted by each control group between 2 and 8 weeks, p \ 0.05. à Significant differences were observed in the fold changes of HFC feeding adjusted by each control group between SHRSP5/Dmcr and SHRSP, p \ 0.05. CA cholic acid, CDCA chenodeoxycholic acid decrease of Cyp8b1 protein in the liver of SHRSP5/Dmcr may be related to increased CDCA, its greater decrease in SHRSP may be related to the lack of an increase of CDCA. However, since the first limiting enzyme of this step, Cyp27a1, was decreased, further study may be needed. The greater increase of Cyp7b1 in SHRSP5/Dmcr after the HFC for 8 weeks may not be related to the CA levels, because this BA did not increase, but rather decreased in this strain.
CDCA plays an important role in HFC-induced macrovesicular steatosis, inflammation, and fibrosis in SHRSP5/Dmcr [8] . Human UGT1A3 is considered to be a major form catalyzing the formation of CDCA-24glu-curonide [18, 22] . UGT2B7 and UGT1A4 are involved in the formation of CDCA-3glucuronide [23] . The significant increase of CDCA in SHRSP5/Dmcr may be due to decreased UGT activity and mRNA expressions of Ugt1a3/ 1a4. In contrast, HFC feeding did not decrease UGT activity in SHRSP; therefore, CDCA conjugation by catalytic action may have been conducted normally, and this BA did not increase in the liver of SHRSP. CDCA is a powerful endogenous activator of FXR, which upon activation, regulates a subset of genes involved in the control of BA homeostasis [24] [25] [26] . However, diminished FXR expression in the liver of SHRSP5/Dmcr fed with HFC may not retain enough function at 8 weeks. In SHRSP, CDCA did not increase, and the expression of FXR significantly decreased after HFC feeding at all periods; therefore, the situation may be the same. Thus, different expression of UGT isoforms expressed by UGT activity as well as its specific form Ugt1A3/1A4 may lead to CDCA accumulation, which may further result in different expression of COL1a1 mRNA and histopathological changes between SHRSP5/Dmcr and SHRSP. Different suppression of CAR and PXR is also important for the different pathological changes between the two strains, because these nuclear receptors regulate UGT enzymes [27] . The importance of CAR and PXR in BA kinetics and in the amelioration of cholestatic liver injury has been reported in mice [28] . Additionally, hepatic mRNA levels of CAR and PXR were reported to decrease with progressing fibrosis in patients with chronic hepatitis C [29] , suggesting the importance of these receptors in liver damage, both in humans and experimental animals. Except for CDCA, the different expression of UGT enzymes between SHRSP5/Dmcr and SHRSP is also important for detoxifying bilirubin [27] . This is an oxidative product of heme mainly excreted from hepatocytes through MRP2 into bile canaliculi or MRP3 into blood as forms of bilirubin glucuronides. Although MRP3 expression increased after HFC feeding for 8 weeks, UGT activity was decreased in the liver of SHRSP5Dmcr; therefore, bilirubin may be accumulated in the liver. Conversely, in SHRSP, HFC did not decrease, so accumulation may not have occurred.
The reason why Mrp3 induction by HFC feeding is conducted in the liver of SHRSP5/Dmcr more than in SHRSP should also be discussed. MRP3 transports a variety of organic anions not only with a preference for glucuronides and sulfate conjugates of bilirubin and CDCA, but also for hydrophilic non-conjugated tauro-or glyco-CA [30] [31] [32] . However, it is unknown whether tauroor glyco-CDCA glucuronides have a high affinity for this transporter. Since UGT activity significantly decreased in the liver of SHRSP5/Dmcr, levels of such glucuronides were very low, and CDCA and bilirubin accumulated in the liver after HFC feeding. Instead of this phenomenon, tauroand glyco-CA may be easily transported into blood and result in a low level of CA in the liver.
We also observed the time and severity of histopathological differences between SHRSP5/Dmcr and SHRSP during HFC feeding, although no such differences were seen in steatosis and inflammatory cell filtrations. Hepatocyte ballooning degeneration was more severe in SHRSP5/Dmcr at 2 weeks, while no difference was noted at 8 weeks. Although macrovesicular steatosis could not be observed at 2 weeks in either strain, those observed at 8 weeks were more severe in SHRSP5/Dmcr than SHRSP in similar areas where ballooning degeneration occurred. At 8 weeks, fibrosis dramatically increased in the former strain, while in the latter, the increase was much less. Brunt reported that hepatocyte ballooning is a structural manifestation of microtubular disruption and severe cell injury, and is most likely a representation of cells undergoing lytic necrosis [33] . We previously reported that the fibrosis score correlated with the necrotic score in SHRSP5/Dmcr [34] . Hepatocyte ballooning derived from HFC may develop into macrovesicular steatosis, which may result in necrosis or fibrosis depending on the hepatic damage progression.
Except for the histopathological difference between strains mentioned above, the TC level in the liver was also different between SHRSP5/Dmcr and SHRSP. Interestingly, the level was higher in SHRSP than in SHRSP5/ Dmcr. Therefore, the TC level itself may not be involved in fibrotic steatohepatitis progression. The membrane cholesterol level reportedly influenced the expression of Bsep [35] . However, HFC did not influence Bsep mRNA in the liver of SHRSP at any period, and decreased the mRNA in SHRSP5/Dmcr only at 8 weeks. On the other hand, regarding protein expression, HFC decreased the levels of both strains in all periods. These results suggest that the liver's high cholesterol level may influence the posttranslation of Bsep, not the transcription: HFC may influence both processes in SHRSP5/Dmcr at 8 weeks.
The serum ALT level was unexpectedly lower in SHRSP5/Dmcr than in SHRSP; ALT value in SHRSP seemed to be still conserved. Higher ALT values in SHRSP may be due to relatively remaining active hepatocytes. On the contrary, the hepatocytes in SHRSP5/Dmcr considerably decreased after fibrotic progression. In fact, no correlation was reported between the liver fibrosis stage and serum ALT levels in human [36, 37] . We additionally calculated the AST/ALT ratio, which was reported to predict the presence of more advanced liver fibrosis [37, 38] . The present study has, indeed, shown that greater increase of AST/ALT ratio in SHRSP5/Dmcr fed with HFC at 8 weeks corresponds to the severity of progressive liver fibrosis.
Finally, we discussed the merits of the present NASHrelated study by comparison of HFC-induced fibrotic steatohepatitis in SHRSP with that of SHRSP5/Dmcr. There are a few species differences in BA metabolic pathways between rodents and humans. For example, CDCA is further metabolized to muricholic acid in rodents, but not in human [39] . However, CA and CDCA are mainly synthesized from cholesterol via cyp7A1, cyp27A1, cyp8b1 and cyp7b1 [4] , and CDCA levels and CA/CDCA ratios are strongly involved in severe fibrotic progression in the liver either in humans [20, 21] or rodents as shown in the present and previous studies [8] , which are similar points between the two species. Clinically speaking, it is difficult to noninvasively distinguish between simple fatty liver and NASH in humans, because liver biopsy is the only procedure able to do so, and it is an invasive method [40] . Since the hepatic levels of CDCA and CA/CDCA ratio reflected those in serum [15] , we may evaluate the hepatic levels of these BAs from those in serum, i.e., we may estimate liver fibrosis development using values of CDCA or CA/CDCA ratio in serum. This is not a very invasive method, and measurement of CDCA or CA/CDCA ratio in serum may be applied to clinical diagnosis of NASH as a useful non-invasive tool.
In conclusion, HFC greatly increased liver weight and induced hepatocyte ballooning, macrovesicular steatosis and fibrosis, not only in SHRSP5/Dmcr but also in SHRSP. However, these findings were significantly more severe in the former than the latter. These differences may be based on the hepatic intracellular accumulations of bile acids (CDCA and CA/CDCA ratio) by the different effects on BA excretion (Mrp3) and detoxication processes (CAR, PXR and UGT activity). In particular, decreased UGT activity in relation to decreased Ugt1a3/Ugt1a4 mRNA plays an important role in differentiating HFC-induced fibrosis, in relation to the increase of COL1a1 expression, between SHRSP5/Dmcr and SHRSP.
